We examined the effects of exercise conditioning on muscle sympathetic nerve activity (MSNA) during handgrip and posthandgrip circulatory arrest (PHG-CA). Two conditioning stimuli were studied: forearm dominance and bodybuilding. Static handgrip at 30% maximal voluntary contraction followed by PHG-CA led to a rise in MSNA smaller in dominant than in nondominant forearms (99% vs. 222%; P < 0.02) and in body builders than in normal volunteers (28% vs. 244%; P < 0.01). Separate 31P NMR experiments showed no effect of dominance on forearm pH but a pH in bodybuilders higher (6.88) than in normal volunteers (6.79; P < 0.02) during PHG-CA.
Introduction
Alam and Smirk (1) in 1937 demonstrated that postexercise circulatory arrest increases blood pressure. Based on these classic studies it has been suggested that during exercise, muscle ischemia contributes to an increase in sympathetic outflow through activation ofa muscle metaboreflex. The skeletal muscle metabolic events that initiate and sustain this reflex response are not entirely clear, although experiments from a number oflaboratories suggest an important role for skeletal muscle lactic acid production and/or reductions in muscle pH (2) (3) (4) (5) (6) .
However, it is unlikely that cellular acidosis alone is responsible for initiating this response. For example, Rotto et al. (7) have recently provided convincing evidence that cyclooxygenase blockade, which prevents prostaglandin and thromboxane synthesis, greatly attenuates group IV muscle afferent activity. Group IV afferents are thought to be part ofthe afferent limb of the metaboreceptor reflex arc (8) . In addition, Stebbins et al. (9) have demonstrated that prostaglandins contribute to the cardiovascular reflex responses to static contraction.
Exercise conditioning has been shown to attenuate sympathetic neural responses to forearm exercise (10, 1 1). In part, this may be due to blunted metaboreceptor activation. Whether these attenuated neural responses are entirely due to the reduced muscle acid production seen with conditioning is not clear.
In this report, we examined the effects of conditioning on muscle sympathetic nerve activity (MSNA,1 microneurography) and skeletal muscle pH (31P NMR spectroscopy) during forearm exercise. Two strategies were employed. In the first (a within-subject comparison), we compared the effects of forearm exercise ofthe larger, stronger, dominant forearm to exercise of the smaller, weaker, nondominant forearm. In the second (a between-subject comparison), we compared the effects of forearm exercise in two groups of subjects, untrained controls and chronically resistance-trained subjects (bodybuilders). Two exercise protocols were utilized: the first consisted of static exercise at 30% maximal voluntary contraction (MVC) followed by 2 min of post-handgrip circulatory arrest (PHG-CA). The second employed ischemic rhythmic forearm exercise to fatigue followed by a period of PHG-CA. During these experiments we measured MSNA. In separate experiments using the same two protocols we used 31P NMR techniques to investigate the effects of arm dominance and bodybuilding on forearm skeletal muscle pH. The results of our experiments suggest that the MSNA responses to forearm exercise are attenuated by arm dominance and bodybuilding. The results further suggest that a decrease in muscle acid production is not the sole mechanism responsible for the attenuated MSNA responses.
Methods

Peroneal nerve recording experiments
Subjects. For the peroneal nerve studies 11 normal volunteers (mean age 24 yr, range 20-30) and 7 bodybuilders (mean age 27 yr, range 24-31) were studied. All were in good health and none took medica-tion. All studies were approved by the appropriate institutional review boards and all subjects gave informed written consent to participate.
The bodybuilders who were studied had performed multiple upper body exercises at least 11/2 h per session, four times a week, for at least 4 yr (range 4-10 yr). These exercises emphasized a large number ofrepetitions and moderate workloads, which were designed to increase muscle mass more than to increase strength.
In the experiments to be described we measured heart rate (HR; electrocardiogram), blood pressure (BP; automated device), respirations (pneumograph), and MSNA in the peroneal nerve using microneurography.
Microneurography technique. The details ofthis method have been described in detail previously (12) (13) (14) . Multiunit recordings of sympathetic nerve traffic were obtained by using a tungsten electrode placed in a muscle fascicle within the peroneal nerve. The electrode has a 200-,gm shaft that tapers to a 1-5-,gm tip. A reference electrode was placed in the subcutaneous tissue over the fibular head and 1-3 cm from the active electrode. The neural signal was amplified 1,000 times by a preamplifier and 50-90 times by an amplifier. The resultant signal was fed through a bandpass filter (700 and 2,000 Hz). The signal was rectified and integrated to obtain a mean voltage neurogram. The neurogram was analyzed manually by counting the number of bursts and the total burst amplitude per minute. The criteria for an acceptable recording have previously been described in detail ( 12, 13) .
Experimental protocols
Protocol 1: static handgrip exercise and PHG-CA. Each normal volunteer and body builder performed two separate forearm exercise protocols with each arm. Thus, each subject performed four bouts of exercise. In the first protocol we examined the effects of a rigorous but nonfatiguing static exercise protocol during exercise and PHG-CA. The MSNA responses during static exercise represent the combined contributions ofcentral command, mechanosensitive, and metabosensitive muscle afferent stimulation (15) . PHG-CA eliminates the contribution of central command and mechanosensitive afferents and isolates the metaboreceptor contribution (15) .
HR, BP, and MSNA were recorded during 5 min of rest and 2 min of isometric handgrip at 30% MVC. A few seconds before cessation of handgrip, an upper arm cuffwas inflated to suprasystolic levels thereby arresting the circulation. The subjects then ceased exercise. Circulatory arrest was continued for 2 min. This was followed by a 3-min recovery period.
Protocol 2: fatiguing rhythmic handgrip during circulatory arrest.
After a 5-min recording of data, the forearm circulation was arrested. At 6 min of circulatory arrest (CA), the subject began rhythmic handgrip at 20% MVC at a rate of30 contractions per minute and continued to exhaustion. CA was continued for an additional minute. Circulation to the forearm was restored and data were recorded for an additional 3 min. The sequence of forearms being studied was varied. The rationale for this protocol was as follows. The forearm circulation was arrested for 6 min to exclude any influence of a difference in blood flow and oxygen stores in the conditioned vs. nonconditioned arms on MSNA responses to exercise. Exercise to fatigue during CA was performed because we postulated that this intervention would lead to similar levels ofmuscle pH in the dominant and nondominant forearms and in the bodybuilders and normal volunteers. This assumption was based on the fact that in the absence of oxygen, the majority of ATP generated for muscle contraction would have to come from anaerobic glycolysis. The rate-limiting step in this process is not felt to be enhanced by conditioning stimuli (16) ( 19) .
The MSNA data were expressed as a percent change in total amplitude from baseline and then statistically analyzed. Absolute Results Table I lists the various forearm and subject characteristics in the two microneurography subject groups. There was a statistical difference in the age of the two groups; however, the mean difference was only 3 yr. The bodybuilders weighed more than the normal volunteers and had larger forearm volumes and greater MVC values. In addition, forearm volumes ofthe dominant arms were significantly greater than those of the nondominant arms in the normal volunteers. MVC was greater in the dominant forearms as compared to the nondominant forearms in both subject groups. Table II . Mean arterial blood pressure (MAP) was higher at rest in the bodybuilders than in the normal volunteers, and tended to remain higher during static exercise. However, during PHG-CA the blood pressure in the two subject groups tended to be similar. Accordingly, during PHG-CA the change in MAP from baseline was much less in the bodybuilders (1 8-mmHg increase in the normal volunteers and an 8-mmHg increase in MAP in the bodybuilders). Overall, these findings were responsible for a subject group/exercise period statistical interaction (F = 3.3; P < 0.01; Table II ). We noted no effect ofdominance on the MAP response to exercise. There was no effect of subject group or forearm dominance on the heart rate response observed during protocol 1. Several observations regarding the MSNA response to protocol 1 should be noted. First, the bodybuilders had an attenuated rise in MSNA (subject effect: F = 8.1, P < 0.01, Fig. 1 A) . Post-hoc analysis showed differences between the bodybuilder and normal volunteer groups during the 2nd min ofstatic exercise and during the 2 min of PHG-CA (Fig. 1 A) .
In addition, we noted a dominance effect, with less of an increase in MSNA during dominant than during nondominant forearm exercise. Post-hoc analysis demonstrated statistical differences between the groups during the 2 min of PHG-CA (Fig. 1 B) . 9 of 11 normal volunteers and 5 of 7 bodybuilders had less of an increase in MSNA during the PHG-CA that followed dominant forearm static exercise (normal volunteers -nondominant forearm, 357% increase; dominant forearm, 186% increase; bodybuilders-nondominant forearm, 47% increase; dominant forearm, 16% increase in MSNA during PHG-CA). The effects of dominance appeared to be greater in the normal volunteers in that a subject/handedness interaction was present (F = 4.3; P = 0.05). The absolute burst counts and bursts per 100 heart beats for this protocol are shown in Table III. NMR experiments. We observed a subject effect for pH during protocol 1. Specifically, pH responses were attenuated in the bodybuilders (F = 4.7; P < 0.05, Fig. 2 A) with significant differences between the two subject groups during the 2 min of static exercise (bodybuilders, 6.99; normal volunteers, 6.89; P < 0.02) and during the 2 min of PHG-CA (minute 1 of PHG-CA: bodybuilders, 6.88; normal volunteers, 6.79; P < 0.02; minute 2 of PHG-CA: bodybuilders, 6 .86; normal volunteers, 6.78; P < 0.04). We observed no effect of dominance on the pH response to static exercise during this protocol (Fig. 2   B) . The PJ/PCr + Pi data for this experiment are shown in Table IV . during the last minute of rhythmic ischemic exercise in the normal volunteers (bodybuilders, 105% increase; normal volunteers, 380% increase; Fig. 3 A) . The increase in MSNA was also higher during the PHG-CA period in the normal volunteers than in the bodybuilders (bodybuilders, 161% increase; normal volunteers, 334% increase). We also noted a dominance effect such that the increase in MSNA was less during protocol 2 when the dominant forearms were exercised (F = 9.6; P < 0.01). Post-hoc analysis demonstrated that the percent increase in MSNA was less in the dominant forearm group than in the nondominant forearm group during the last minute ofischemic exercise and during the minute ofPHG-CA. Representative neurograms during rest and PHG-CA in a bodybuilder and a normal volunteer are seen in Fig. 4 . The absolute values for MSNA bursts and bursts per 100 heart beats for this protocol are shown in Table VI . (2-6, 20, 21) . In this study our goal was to determine if conditioning stimuli ofdifferent intensities would attenuate metaboreceptor responses. The stimuli chosen were forearm dominance and bodybuilding. As compared to the nondominant forearm, the dominant forearm has a greater endurance capacity during exercise (10) . Moreover, it has been suggested that during the same level of forearm work the dominant forearm will become less acidic than the nondominant forearm (22) .
Bodybuilders exercise to increase muscle mass. In general, these athletes perform moderate to high workload, high repeti- In addition, the effects of dominance on MSNA and pH in protocol 1 excluded a training-induced alteration in the set point for this stimulus/response relationship. Ifthere had been an altered set point, then the pH at which MSNA began to rise during exercise in the trained forearm (in this case the dominant forearm) would have been different (i.e., lower) than that for the untrained forearm (the nondominant forearm). However, it can easily be seen that the pH curves in Fig. 2 B are superimposable. In Fig. 1 To address these possible mechanisms we performed the second protocol. We arrested the circulation for 6 min before initiating forearm exercise. This period of occlusion was chosen to eliminate blood flow and also to maximally reduce forearm oxygen stores (25) . We reasoned that this would minimize any training-induced influences of vascularity and/or oxygen stores on the MSNA and forearm pH responses to exercise. In addition, we had the subjects perform exercise until fatigue in the absence of flow and oxygen, thereby limiting fatty acid delivery to muscle and increasing muscle cell reliance on anaerobic glycolysis. We speculated that in this protocol the minimal forearm pH would be similar in the dominant and nondominant forearms and in normal volunteers and bodybuilders. This hypothesis was based on the concept that both the l# oxidation of free fatty acids and the aerobic utilization of muscle glycogen would be affected by conditioning, whereas anaerobic glycolysis would not (16) . Accordingly, if fatiguing forearm exercise performed during circulatory arrest still was associated with smaller increases in MSNA in the bodybuilders, then mechanisms aside from cellular acidosis, blood flow, oxygen stores, and forearm dominance must be important in mediating muscle metaboreceptor responses. The results of protocol 2 suggest that fatiguing exercise performed in the absence of blood flow leads to similar levels of cellular acidosis in trained and untrained muscle. Despite this, exercising trained muscle activated the sympathetic nervous system less than did untrained muscle. These results suggest that factors aside from muscle acidosis contribute to the conditioninginduced attenuation of MSNA responses to exercise. Potential mechanisms. There are a number of potential mechanisms that could explain the conditioning-induced attenuation ofMSNA responses to fatiguing ischemic exercise. First, it is possible that conditioning modifies group III and IV discharge properties such that they respond less to a given amount of produced lactic acid. Specifically, it has been suggested that muscles composed of slow twitch fibers do not generate a pressor response when stimulated to contract (26) . However, this issue remains unsettled since others have shown in a cat model that the slow twitch soleus muscle will generate a pressor response if made to contract maximally (27) .
Although we know of no direct evidence that conditioning modifies afferent nerve fibers, it has been demonstrated that exercise conditioning causes both biochemical and physiologic changes in motor neurons that innervate trained skeletal muscle (28) . It is possible that both arm dominance and bodybuilding cause biochemical and physiologic changes in the group III and IV fibers. These changes could theoretically serve to reduce afferent fiber responsiveness to a given amount of lactic acid.
We considered the possibility that the attenuated MSNA responses during forearm exercise and postexercise ischemia seen in the bodybuilders were due to a generalized reduction in sympathetic responsiveness. For this reason, we performed lower body negative pressure experiments in four bodybuilders and five normal volunteers. We noted an 86% rise in MSNA in the bodybuilders and a 131% increase in the normal volunteers. This is quite different from the situation seen during the exercise protocols, where the magnitude of the increase in MSNA in the normal volunteers was dramatically larger than that seen in the bodybuilders. Thus, our LBNP studies suggest it is unlikely that a generalized impairment ofsympathoexcitation is present in the bodybuilders.
Another possibility is that conditioning reduces metabore- Conclusion. These studies suggest that the conditioning influence of arm dominance and bodybuilding attenuate reflex increases in sympathetic nerve activity during exercise and postexercise ischemia. Our studies suggest that factors aside from greater vascularity and less acid production contribute to this effect.
